Fragile X syndrome, the most common inherited cause of intellectual impairment and the most common single gene associated with autism, generally occurs for fragile X mental retardation 1 (FMR1) alleles that exceed 200 CGG repeats (full-mutation range). Currently, there are no unbiased estimates of the number of full-mutation FMR1 alleles in the general population; a major obstacle is the lack of an effective screening tool for expanded FMR1 alleles in large populations. We have developed a rapid polymerase chain reaction (PCR)-based screening tool for expanded FMR1 alleles. The method utilizes a chimeric PCR primer that targets randomly within the expanded CGG region, such that the presence of a broad distribution of PCR products represents a positive result for an expanded allele. The method is applicable for screening both males and females and for allele sizes throughout the premutation (55 to 200 CGG repeats) and full-mutation ranges. Furthermore , the method is capable of rapid detection of expanded alleles using as little as 1% of the DNA from a single dried blood spot. The methodology presented in this work is suitable for screening large populations of newborn or those at high risk (eg , autism , premature ovarian failure , ataxia , dementia) for expanded FMR1 alleles. The test described herein costs less than $5 per sample for materials; with suitable scale-up and automation , the cost should approach $1 per sample. (J Mol
Mutations of the fragile X mental retardation 1 (FMR1) gene (OMIM *309550) are responsible for several distinct forms of clinical involvement that together constitute a significant societal health burden across the life spectrum-for child health, reproductive fitness in women, and aging. Fragile X syndrome, mostly caused by large (noncoding) CGG repeat expansions (Ͼ200 repeats; full mutation) within the FMR1 gene, is the leading heritable form of cognitive impairment 1 and the leading singlegene disorder associated with autism. 2 Smaller expansions (55 to 200 CGG repeats; premutation) of the FMR1 gene give rise to the leading known cause of premature ovarian failure (menopause before age 40), with 4 to 14% of all cases of premature ovarian failure in the general population due to premutation alleles. 3 Premutation FMR1 alleles are also responsible for a late-onset neurodegenerative disorder, fragile X-associated tremor/ataxia syndrome, with core features of progressive action tremor and gait ataxia and associated features of dementia, parkinsonism, and autonomic dysfunction. 4 Prior estimates of frequencies of female carriers of premutation alleles, by direct population screening, have yielded values ranging from ϳ1/100 from three Israeli studies [5] [6] [7] to ϳ1/260 from Israeli, Canadian, and Finnish studies. 8 -10 Frequency data for male premutation carriers, with premutation allele frequencies of ϳ1/250 11 and ϳ1/800, 12 are largely from two Canadian studies. In aggregate, these frequency estimates suggest that there may be between 1-and 2-million premutation carriers in the United States; however, there have been no screens of the general population within the United States to assess male and female carrier frequencies.
The situation is more difficult for the estimation of fullmutation alleles, those giving rise to fragile X syndrome, due to their much lower frequency. As a consequence, essentially all estimates to date have targeted populations with special education needs or mental retardation, with subsequent extrapolation to the general population. Earlier estimates of one full-mutation allele in 5000 to 9000 individuals [13] [14] [15] are likely to be too low, because those estimates did not fully account for fragile X children without mental retardation. More recent estimates are generally higher, from one in 2500 to 5000 for the larger studies of special education needs children 6,16,17,18 -20 ; however, as for premutation alleles, there have been no large-scale unbiased (eg, newborn) screens for full-mutation FMR1 alleles in the general population, due in part to the absence of an effective screening tool.
Although newborn screening represents a logical approach to obtain unbiased estimates for expanded FMR1 alleles, there have been two main barriers to its implementation: the perceived lack of effective medical intervention for those identified with expanded (premutation or full mutation) alleles and the lack of a screening tool that is both rapid and cost-effective. The former issue has been discussed in detail elsewhere. 21, 22 However, despite the importance of continuing debate on newborn screening, it is clear that identification of expanded alleles during the newborn period would not only enable early intervention for learning delays but could also provide families the time needed to plan appropriately for subsequent pregnancies 23 and provide important information about reproductive risks and reduce the stress and frustration of not knowing the basis of a child's developmental delay.
With respect to the absence of an effective screening tool, several previous PCR-based approaches have been developed to identify expanded FMR1 alleles. 24 -30 Unfortunately, none has been able to both rapidly and reliably identify full-mutation alleles due to the high GC content of the repeat expansion. This limitation of the PCR method does not represent a problem for diagnostic genotyping, in which a combination of PCR and Southern blot methods reliably detects all alleles and in which recent incorporation of capillary-based methods 31 dramatically increases throughput. However, such approaches are neither time-nor cost-effective methods for screening large populations, particularly in situations such as newborn screening where blood spots are used. In addition, none of these methodologies has been shown to be applicable to blood spots. Although improved PCR methods using the osmolyte betaine are capable of detecting alleles as large as ϳ300 CGG repeats, 30 the betaine-based PCR approach is unable to distinguish between females who are homozygous for normal FMR1 alleles (single normal band following PCR; ϳ40% of all females) and females with one normal allele and a second full-mutation allele that does not PCRamplify (single normal band, apparent homozygote). This issue has been the greatest impediment to high-throughput screening.
In the current work, we describe a PCR test that effectively and reliably distinguishes between normal homozygous females and females with a very large (eg, full mutation) allele, which conventional PCR using primers that flank the CGG repeat fail to amplify. This approach, which utilizes a "chimeric" CGG-targeted primer in conjunction with betaine-based-PCR, 30 allows rapid determination of the allele status of all males and females, including those females with a single band on standard PCR, regardless of the number of CGG repeats. Furthermore, the approach can be used to analyze allele status from blood spots, thus enabling newborn screening.
Materials and Methods

Samples
Blood samples were obtained from subjects seen at the M.I.N.D. Institute Clinic, following informed consent and according to an approved Institutional Review Board protocol. The DNA samples used for our in-house validation were isolated from peripheral blood leukocytes as described below, and only the code number was known to the technician who handled the samples.
For blood spots, a 1.5-mm punch or a ϳ4 ϫ 8 mm FTA card (Whatman Inc., Florham Park, NJ) was removed from the target sample and transferred to a PCR tube. Two hundred microliters of FTA purification reagent was added, followed by incubation for 5 minutes at room temperature. The reagent was then removed using a pipette, and the incubation of the disk was repeated twice (for a total of three times). Two hundred microliters of Tris sodium EDTA buffer (10 mmol/L Tris-HCl, pH 8, 0.1 mmol/L Na 2 EDTA) was added, followed by incubation for 5 minutes at room temperature. Buffer was removed, and the procedure was repeated once. The disk was then allowed to dry at room temperature for about 1 hour before starting the PCR reaction. PCR mix was added directly to the PCR tube containing the dry disk. For blood spots on 3MM paper (Whatman, Inc.), a 1.5-mm punch (or larger) was washed twice with 200 l of dH 2 0. One hundred microliters of dH 2 0 was then added to the washed punch and boiled for 30 minutes. After a 2-minute spin, the eluted sample was used for PCR.
Southern Blot and PCR Analysis
Genomic DNA was isolated from peripheral blood leukocytes (3 to 5 ml of whole blood) using standard methods (Puregene Kit; Gentra Inc., Minneapolis, MN). For Southern blot analysis, 5 to 10 g of isolated DNA was digested with EcoRI and NruI. Digested samples were separated on a 0.8% agarose/Tris acetate EDTA (TAE) gel, followed by partial depurination with HCl (0.4 N) for 15 minutes and denaturation in NaOH (0.5 N) for 30 minutes. DNA was transferred in 10ϫ standard saline citrate (SSC) to a charged nylon membrane (Roche Diagnostics, Basel, Switzerland) using a vacuum transfer apparatus (Vacuum Blotter 785; Bio-Rad, Hercules, CA). A 1-kb DNA ladder (Invitrogen, Carlsbad, CA) was used as a size standard. The membranes were cross-linked (UV Cross linker; Fisher Scientific, Pittsburgh, PA) and were hybridized overnight at 42°C in roller bottles (Isotemp, Fisher Scientific) in Dig Easy Hybridization Buffer (Roche Diagnostics) with the FMR1 genomic probe StB12.3, labeled with Dig-11-dUTP by PCR (PCR Dig Synthesis Kit; Roche Diagnostics). After denaturation (boiling for 15 minutes), the probe was blocked with Cot1 DNA (Invitrogen) for 20 minutes at 65°C. Filters were washed twice for 5 minutes in 2ϫ SSC/1% SDS and twice for 15 minutes in 1ϫ SSC/0.1% SDS at 65°C. Filter blocking and FMR1 gene detection were performed using blocking solution and detection buffer according to the manufacture (Roche Diagnostics). Filters were exposed to X-ray film (Super RX; Fuji Medical X-Ray Film, Bedfordshire, UK) for 2 hours.
Genomic DNA was also amplified by PCR with primers c and f 32 using the osmolite betaine according to Saluto et al. 30 PCR fragments were visualized on a 2% agarose gel, ethidium bromide-stained. For a correct sizing, PCR products were separated on 6% denaturing polyacrylamide gels, followed by electroblot transfer (TE62; Amersham-Pharmacia Biotech, Pittsburgh, PA) to a nylon membrane (Roche Diagnostics) at 4 volts for 2 hours. Membranes were then cross-linked (UV Cross linker; Fisher Scientific). Dig-labeled DNA molecular weight Marker V (Roche Diagnostics) and a known size marker were used as size standards. Filters were hybridized overnight at 42°C in roller bottles (Isotemp; Fisher Scientific) in Dig Easy Hybridization Buffer (Roche Diagnostics) with a Dig-end-labeled oligonucleotide probe [(CGG) 10 ] and Dig-labeled pBR322 DNA. Filters were washed at room temperature, twice for 5 minutes with 2ϫ SSC/0.1% SDS (100 ml) and twice for 7 minutes in a larger volume (400 ml) with the same washing solution, followed by two washes of 25 minutes, each in 0.5ϫ SSC/0.1 SDS at 45°C. Detection of the FMR1 PCR products was performed according to the manufacturer (Roche Diagnostics). Filters were exposed to X-ray film (Super RX; Fuji Medical X-Ray Film) at room temperature for approximately 30 minutes. Analysis of the repeat number for both Southern blot and PCR used an Alpha Innotech FluorChem 8800 Image Detection System (Alpha Innotech, San Leandro, CA).
PCR Amplification Using a CGG-Targeted Primer
We have further modified our PCR betaine protocol 30 to consistently distinguish between females with a single PCR gel band, which arises either from comigrating equal CGG repeat number normal alleles (ϳ40% of females in the general population) or with a single (normal) allele and a second (nonamplifying) full-mutation allele. The principal feature of the current procedure is the use of a chimeric PCR primer, which anneals randomly within the CGG repeat expansion via a (CCG) n 3Ј portion of the primer and has a remaining half-primer sequence that is unique, for the purpose of subsequent rounds of PCR amplification. Our PCR-based method is designed to be used for both purified DNA and blood spots; the latter being the preferred mode of collection of blood for newborn screening.
Standard primer PCR reactions were performed using the c and f primers (5Ј-GCTCAGCTCCGTTTCGG-TTTCACTTCCGGT-3Ј; 5Ј-AGCCCCGCACTTCCACCA-CCAGCTCCTCCA-3Ј, respectively) 32 and the Expand Long Template PCR System (Roche Diagnostics). Reaction mixtures included buffer 2 (Roche Diagnostics), 500 mol/L dNTPs, 0.33 M of each primer, and 100 to 500 ng of genomic DNA. The PCR buffer also included 2.2 M betaine (B0300; Sigma-Aldrich, St. Louis, MO). This higher concentration of betaine was based on a series of PCR optimization experiments using betaine concentrations from 1.3 to 2.2 M. Previous reports had recommended a concentration of 1.3 M, 33 which we found to be too low for efficient expansion of the CGG element. PCR "hot-start" was performed as indicated by the manufacturer (Roche Diagnostics). The PCR cycling profile was as follows: denaturation at 98°C for 10 minutes, 10 cycles at 97°C for 35 seconds, 64°C for 35 seconds, and 68°C for 4 minutes; 25 cycles at 97°C for 35 seconds, 64°C for 35 seconds, 68°C for 4 minutes plus a 20-second increment for each cycle; and a final extension at 68°C for 10 minutes. The expected constant region of the PCR product (ie, excluding the CGG repeat region) was 221 bp. We recently modified this protocol by using the FastStart PCR kit (Roche Diagnostics), which allows us to eliminate the hot-start step and still be able to amplify FMR1 alleles in the upper premutation range. The elimination of the hot-start step allows us to amplify a much larger number of samples per PCR run, a necessary modification for a large-scale screening effort.
Samples that yielded standard primer PCR products with a single normal band for females (apparent homozygosity), or the absence of a normal band for males, were subjected to a second PCR screen with the c primer and the CCG-chimeric primer (5Ј-AGCGTCTACTGTCTCGGCACTTGC(CCG) 4 -3Ј; ie, targeting the CGG strand of the repeat expansion tract) in place of the f primer. Reaction mixture and PCR cycling conditions were as described above and in Saluto et al. 30 Because the (CCG) 4 portion of the primer anneals randomly within the CGG repeat region, PCR amplification using "c" and the chimeric primer will produce a smear on the gel that indicates the presence of expanded alleles ( Figure 1) ; thus, the chimeric primer yields a "plus" for those cases of apparent homozygosity for which an expanded allele is present (approximately one in ϳ2000 apparent homozygous females) in the general population. In the absence of an expanded allele, no large smear will be present on the analytical gel of the PCR reaction. As a screening tool, the current method is not designed to "size" high premutation or full-mutation alleles, only to flag their presence for subsequent workup that would include both Southern blot (sizing, methylation status, activation ratio) and further PCR sizing.
Results
A Rapid PCR Method to Distinguish Normal Homozygous Females from Full-Mutation Heterozygous Females: Secondary Screening Using the Chimeric CGG Repeat-Targeted Primer
The major difficulty encountered during the amplification of FMR1 alleles is the ambiguity associated with a single band (apparent homozygosity) in females, which represents ϳ40 to 50% of female cases. In nearly all cases (ϳ99.9%), the single band indicates true homozygosity (ie, two alleles of the same size or alleles differing by 1 to 2 repeats). The problem is that it is not possible to deduce which of the 40 to 50% of female (apparent homozygous) cases that have a nonamplifying full-mutation or a very large premutation allele that may escape PCR detection. To eliminate this ambiguity, we have developed a novel PCR-based approach that involves a secondary PCR screening (of the apparent homozygous females) with a chimeric primer that randomly targets the CGG region itself. When used in combination with the standard primer c, 32 the chimeric primer in the secondary PCR reaction produces an extended smear of amplified species only if an expanded allele is present (Figure 1) . A smear will be visible on an agarose gel whether the FMR1 allele is in the high premutation range (data not shown) or in the full-mutation range (Figure 2A) .Thus, the secondary screen returns a "yes" or "no" to the question of the presence of an expanded allele. This is also true for mosaic males, both for repeat size (presence of both premutation and full-mutation alleles) and/or for methylation (presence of partially methylated, full-mutation alleles), where expanded alleles are present and therefore visible as a smear on an agarose gel with secondary PCR screening (data not shown).
As an initial test of this secondary screening method, we used the chimeric primer to analyze DNA samples from 15 normal females and 15 full-mutation females from our DNA archive, where the technician performing the PCR reactions and subsequent analysis was blinded to the allele status of the samples (in-house validation study). For all full-mutation alleles, the PCR reactions with the (CCG) 4 -containing primer consistently produced amplified products, visible as large smears on agarose gels (Figure 2A) . The results were validated and confirmed by Southern blot and PCR/acrylamide gel analysis ( Figure  2B ).
We have further tested this approach by screening one hundred DNA samples sent to our laboratory in a blinded fashion by Dr. Annette Taylor (Kimball Genetics, Inc., Denver, CO). The samples had been stripped of all identifiers, retaining only a sample code and the gender of the sample donor. Although none of the investigators at University of California at Davis had any knowledge of the allele status of any sample, all samples had been characterized previously (by both PCR and Southern blot) in Dr. Taylor's laboratory in Denver. Results of the screening analysis were disclosed to Dr. Taylor, who was not blinded to sample genotypes, following completion of the screening process. In our screen, we identified 50 homozygous (normal) females and 50 full-mutation females, all correctly confirmed for genotype by Dr. Taylor.
Thus, the combination of two PCR approaches, one using standard c and f primers and the other using the c primer and a chimeric primer, allows us to detect expanded FMR1 alleles in females, regardless of the CGG repeat size, using a simple PCR-based approach.
Screening of Blood Spots Using the Chimeric Primer
Although our initial studies using the chimeric primer were performed on DNA samples isolated from periph- eral blood leukocytes, the current PCR-based approach also performs well with DNA samples obtained directly from dried blood spots. Indeed, the sensitivity of the method allows us to detect FMR1 alleles using as little as 1/100 of the DNA sample extracted from the spot ( Figure  3A ). In addition, we have found that alleles can be scored, even if no prior processing (eg, extraction) has been performed on the spot itself ( Figure 3B ), thus further reducing the time required for sample processing. Furthermore, the method works with different types of blood spot paper (eg, FTA card, regular 3MM paper; Whatman, Inc.), reducing the likelihood that there will be differences in sample quality across laboratories. Of course, issues of spot storage integrity and age still need to be assessed. Finally, the method seems to be reliable whether blood spots are added directly to the PCR mixture or processed (washed twice with Tris-EDTA) ( Figure 3B,  lanes 3 and 4, respectively) .
To gauge the detection of an allele at the high end of the premutation range in a female carrier, we performed a PCR reaction on a mixture of DNAs from a normal (male) control and a carrier male, with an allele at the upper end of the premutation range (ϳ200 CGG repeats). As shown in Figure 3B , the larger allele is still visible in the presence of the normal allele, demonstrating that our method is capable of detecting all premutation alleles-for both males and females-at least to the upper end of the premutation range. However, even under conditions where the first PCR screen (c and f primers) would fail to detect a high premutation allele in a female, the presence of such an allele would be identified with the second PCR screen using the chimeric primer.
Discussion
One of the main impediments to the implementation of newborn screening for expanded alleles of the FMR1 gene has been the absence of a rapid, inexpensive screening tool, a tool that would be applicable to the screening of small amounts of biological material (eg, blood spots) and that would be capable of detecting all expanded alleles in both males and females. In the current work, we have described a novel PCR-based approach for FMR1 genotyping that combines modification of the betaine protocol 30 with a use of a CGG-targeted (chimeric) primer, which would generate an extensive distribution of PCR products only in the presence of premutation or full-mutation alleles.
To underscore both the role and utility of this test, consider its application to a screen of 100,000 newborn bloodspots. For the ϳ50,000 males in the population, the primary PCR screen (using primers c and f) would fail to yield a band in approximately 10 to 15 cases (assuming a frequency of full-mutation alleles of ϳ1/3000 to 1/5000). These "null-allele" results would then be subjected to follow-up with the CGG-targeted primer (to distinguish expanded alleles from failure of the PCR reaction) and, for legitimate expanded alleles, more traditional Southern blots during newborn follow-up. However, for the females, single bands (apparent homozygosity) would be expected in approximately 20,000 cases (assuming 40% homozygosity) (Figure 4) . In this instance, the use of the CGG-targeted primer should yield broad smears in another 10 to 15 cases (and perhaps a few additional cases with high-end premutation alleles), which would be subject to newborn follow-up and Southern blots for definitive Flow diagram for screening of DNA or blood spots from 50,000 females. First round PCR screening will size all normal and/or premutation bands and will pass through to a second PCR screen (using c and CGG-repeat targeted chimeric primers), all samples displaying a single band (ϳ20,000). Nearly all of these samples (ϳ19,985) will be homozygous normal alleles, with only ϳ15 samples passed onto Southern blot analysis, based on the presence of a large smear on the analytical gel. This example is based on an assumed 15 full-mutation alleles per 50,000 samples in the general population. The analysis for males is much simpler; only those samples with no band on the first round are passed to the second PCR screening assay and/or directly to the Southern blot analysis.
genotyping. Although the current method is not designed to detect sexual chromosome aneuploidy (eg, XO, XXY, etc), it would flag those cases that present as double bands in males or more than two bands in females.
We have recently applied the betaine PCR method (with primers c and f) to a high-risk screen of 903 adult males with a diagnosis of Parkinson's disease. 34 A similar study of ϳ600 adult females, using the CGG targeting method, has also been conducted (K. Amiri, J. Kraff, H.-T. Tang, R. Pan, S. Goldworm, J.P. Hagerman, F. Tassone, unpublished results), with no false-positive or negative genotypes to date. Furthermore, in the validation study performed in conjunction with Kimball Genetics, Inc., we were able to correctly identify all fifty females with full-mutation alleles (apparent homozygosity by standard PCR); this number corresponds to the expected number of full mutations in a general population of ϳ150,000 females. Therefore, both in terms of effectiveness and cost ($2 to $5 in reagents and supplies per sample), the current screening test should enable largescale newborn and/or high-risk screening for expanded alleles of the FMR1 gene. This capability will, in turn, facilitate investigation of the benefits and potential pitfalls of newborn screening and early intervention. [21] [22] [23] However, to date, there is no published technology that allows the screening of blood spots for all mutation classes of the fragile X gene in both males and females. Neither Southern blot nor capillary electrophoresis methodologies are practical for large-scale screening, mainly due to the costs associated with such methods but also because such methods have not been validated for blood spots where very little DNA is available. Our procedure, which allows the detection of alleles in the normal, premutation, and full-mutation ranges in both males and females, will facilitate such large-scale screening studies since the identification of large alleles in females is not limited by either allele size for the chimeric primer or the small amounts of DNA recovered from portions of a single blood spot. Finally, although we have demonstrated the validity and feasibility of this procedure in terms of a manual gel-based method, extensions to include automated detection methods, such as the use of fluorescent primers and capillary-or gel-based automated scanning procedures, can be explored.
Note Added in Proof
Since the publication of this manuscript we have become aware that a similar approach has been reported for the amplification of large CAG repeat expansion. 35 Fluorescent primers were used to amplify alleles with more than 100 CAG repeats because a standard PCR was not reliable in that range.
